An Arthrobacter sp. strain, F101, able to use fluorene as the sole source of carbon and energy, was isolated from sludge from an oil refinery wastewater treatment plant. During growth in the presence of fluorene, four major metabolites were detected and isolated by thin-layer chromatography and high-performance liquid chromatography. 9-Fluorenol, 9H-fluoren-9-one, and 3,4-dihydrocoumarin were identified by UV spectra, mass spectrometry, and 300-MHz proton nuclear magnetic resonance. The fourth metabolite has been characterized, but precise identification was not possible. Since strain F101 is not able to grow with fluorenone, two different pathways of fluorene biodegradation are suggested: one supports cell growth and produces 3,4-dihydrocoumarin as an intermediate and probably the unidentified metabolite, and the other produces 9-fluorenol and 9H-fluoren-9-one and appears to be a dead-end route.
Polycyclic aromatic hydrocarbons (PAHs) are a class of fused-ring aromatic compounds which occur as ubiquitous environmental pollutants. Besides being present in petroleum, PAHs are formed during the incomplete combustion of almost any organic material (32) , and they have been isolated from air (27) , water (4) , and river and marine sediments (16) .
These compounds are of great environmental and human health concern because of their potential trophic biomagnification and because some low-molecular-weight PAHs are acutely toxic (7) , and most higher-molecular-weight compounds have mutagenic, teratogenic, and potential carcinogenic effects (19, 30) .
Fluorene, a tricyclic PAH which contains a five-membered ring, is a typical by-product of coal-conversion and energy-related industries and is commonly found in vehicle exhaust emissions, crude oils, motor oils, coal and oil combustion, waste incineration, and industrial effluents. Fluorene is one of the 16 PAHs on the list of priority pollutants compiled by the U.S. Environmental Protection Agency (21) .
Microorganisms play an important role in the degradation of aromatic hydrocarbons in terrestrial and aquatic ecosystems. Microbial metabolism of lower-molecular-weight aromatic hydrocarbons, such as naphthalene, is well established (3, 15) . Biodegradation of tricyclic compounds such as phenanthrene and anthracene has also been described (11, 17) . In contrast, there is a relative paucity of information on the bacterial metabolism of compounds which contain a five-membered ring fused with aromatic rings such as indene, fluorene, acenaphthene, and fluoranthene. Schocken and Gibson (34) described the cooxidation of acenaphthene by a Beijerinckia sp. strain, and recent studies have reported the complete degradation of fluoranthene by pure cultures of Pseudomonas paucimobilis (31) and Alcaligenes denitrificans (38) and have suggested some of the details of the pathway. Weissenfels et al. (39) have proposed a pathway for the biodegradation of fluoranthene by A. denitrificans * Corresponding author. WW1 after the isolation and identification of two ring fission metabolites, acenaphthenone and 3-hydroxymethyl-3,4-benzocoumarin, and Kelley et al. have reported the mineralization of fluoranthene (22) and identified a carboxylic acid metabolite from the ring fission catabolism of this PAH by a Mycobacterium sp. strain (23) .
Microbial degradation of fluorene at a hazardous-waste site has been reported (24) . George and Neufeld (14) Since the cell morphology and distribution were indicative of the coryneform group and because the rod-coccus cycle presented was representative of a group of interrelated genera, it was necessary to analyze the amino acid composition of the cell wall. The material was prepared by the Aberdeen method (2) , and the hydrolysate was analyzed with an LKB-Alpha-plus (Pharmacia) amino acid analyzer. meta cleavage of catechol was evidenced by the method suggested by Hosokawa in Stanier et al. (37) in fluorenegrown cells. The bacterial strain obtained was identified by the morphological characteristics and selected standard physiological and biochemical tests listed in Table 1 (6, 36) . Growth tests were carried out by inoculating strain F101 in test tubes containing MSM-B12 and the standard substrate.
Verification of fluorene utilization and culture conditions for metabolite isolation. Growth at the expense of fluorene was established by demonstrating an increase in bacterial protein, a decrease in concentration of fluorene, and formation of metabolites. Fluorene-grown cells from the late-exponential-growth phase were used as inoculum (5 ,ug of protein per ml). Replicate batch cultures were grown in 100-ml Erlenmeyer flasks containing 20 To isolate and identify fluorene metabolites, serial biodegradation experiments were carried out in 1,000-ml Erlenmeyer flasks containing 250 ml of the same medium with 0.01% fluorene. In accordance with time course experiments, cultures were incubated for 4 days and extracted.
Chemical analysis and identification of metabolites. Metabolites and residual fluorene were extracted three times with 2 volumes of ethyl acetate after acidification to pH 2.5 with 0.1 N HCI. After drying with anhydrous Na2SO4, extracts were concentrated under reduced pressure at 30°C and evaporated to dryness under a gentle stream of nitrogen. The residue was dissolved in a small amount of methanol.
HPLC was performed on a Kontron model 620LC chromatograph (Kontron AG, Zurich, Switzerland) equipped with an Applied Biosystems 1000S diode array detector and a 5-,um C18 Chromspher column (25 cm by 4.6 mm [inside diameter]; Chrompack, Middelburg, Holland). Separation was achieved with either of the following methanol-water linear gradient systems: 50 to 95% (vol/vol) methanol in 30 min or 0 to 100% (vol/vol) methanol in 20 min.
To obtain fractions enriched in polar metabolites, preparative TLC was performed previous to HPLC. TLC was carried out by using precoated 500-,um-Silica Gel 60 DC plates (20 by 20 cm) (Merck). A hexane-acetone (8:2, vol/ vol) solvent system was used to separate fluorene and nonpolar metabolites from polar metabolites, and a benzeneacetone-acetic acid (85:15:5, vol/vol/vol) solvent system was used for further separation of bands enriched in polar metabolites. Several bands were isolated and extracted with methanol in an ultrasonic bath. Only two of these bands enriched in polar metabolites (Rf, 0.30 and 0.40) showed an HPLC elution profile with a major metabolite peak, and these were further purified by multiple injections into an VOL. 58, 1992 HPLC. The subsequent collection of these metabolite peaks resulted in the accumulation of small amounts (0.5 to 1.8 mg) of purified metabolites.
The UV-visible absorption spectra of fluorene metabolites were determined in a diode array detector. Gas chromatography-mass spectrometry (GC-MS) analysis of the acidextractable compounds of interest was accomplished by derivatization with BSFFA [N,O-bis(trimethylsilyl)trifluoroacetamide]. Infrared spectra of fluorene metabolites were determined on a Bomem model MB120 FT-IR spectrometer (Bomem, Quebec, Canada).
The isolated fluorene metabolites were analyzed by electron impact (El) mass spectrometry, by using a direct introduction probe, and by GC-MS by using a HewlettPackard 5985A quadrupole interfaced to a 9825A data system.
The mass spectrometer was operated at 70 eV of electron ionization energy, and injector, transfer line, ion source, and analyzer temperatures were held at 250, 280, 180, and 120°C, respectively. In the direct introduction probe El mass spectrometry analysis, a platinum wire probe was used and the temperature was programmed from 50 to 200°C at 40°C/min. In the GC-MS analysis, we used a capillary column (30 In the maintenance medium in the absence of fluorene, strain F101 formed cream-colored colonies with diameters of about 1 mm. Cells of strain F101 are gram positive, although they lose the stain easily, especially in old cultures. This strain was not acid fast, and no spores were detected. Microscopic observations of exponential-growth-phase cultures showed irregular rods with angular arrangement and primary branching. A scanning electron micrograph showing morphological characteristics of individual cells which are typical of the coryneform group is presented in Fig. 1 . In addition, cells changed shape during the growth cycle, from irregular rods to coccal forms. The rod-coccus growth cycle is a distinctive feature of the genus Arthrobacter, but it also occurs in other genera such as Brevibacterium and in some members of the genus Rhodococcus (36) . Amino acid analysis of the cell wall showed the presence of diaminopimelic acid as diamino acid in the peptidoglycan. Table 1 presents the results of a variety of bacteriological, biochemical, and growth tests for this organism.
On the basis of all of these data, this organism was tentatively classified as one of the species in the genus Arthrobacter that have been shown to contain diaminopimelic acid in the cell wall peptidoglycan (36) and was designated strain F101. Utilization of fluorene. Utilization of fluorene as the sole source of carbon and energy by strain F101 was demonstrated by its complete removal from MSM-B12 supplemented with fluorene, with a corresponding increase in bacterial biomass (Fig. 2) and appearance of metabolites. The concentration of fluorene decreased in 36 h from 483 nM/ml to levels not detected by HPLC analysis. Concomitantly, bacterial biomass increased from 5.09 to 27.87 ,ug/ml after 96 h of incubation. The corresponding generation time was 30.6 h. Nonsignificant change in the fluorene concentration was observed in heat-killed cultures. The slight decrease (483 to 444 nM/ml, over 5 days) in fluorene concentration seen in heat-killed cultures is attributed to loss by volatilization. The bacterial biomass remained unchanged in the absence of fluorene.
Of the PAHs assayed, phenanthrene was the only one other than fluorene that strain F101 was able to utilize as the sole source of carbon and energy. Strain F101 also seems able to transform fluoranthene, as evidenced by the appearance of a brown coloration in cultures and changes in the UV-visible spectrum of the supematant with respect to that of controls when the medium is supplemented with 250 mg of yeast extract per liter.
Detection and identification of initial ring oxidation products and ring fission products. Earlier HPLC analysis of culture extracts showed the occurrence of two major metabolites and a group of unresolved highly polar compounds (Fig. 3) . To isolate and identify the detected metabolites, serial biodegradation experiments were carried out.
The major metabolites, designated I and II, presented retention times of 14.8 and 18.4 min, respectively. The HPLC peak detected at 28.2 min was undegraded fluorene. No abiotic degradation of fluorene was detected in the control flask containing killed cells.
The UV absorption spectrum of metabolite I showed maxima at 210 and 280 nm and a shoulder at 230 nm (Fig. 3) .
The EI mass spectrum (see Fig. 5 ) exhibited a base peak at mlz 181, which was assigned as (M-1)+, a characteristic of hydroaromatic compounds (25 the basis of coinjection of authentic standards in capillary gas chromatography (CGC) analysis and HPLC and by comparison of EI and UV spectra.
The UV absorption spectrum of metabolite II showed maxima at 210 and 240 nm (Fig. 3) . The molecular ion at mlz 180 was the base peak, and the fragment at mlz 152 was assigned as (M-CO)+, suggesting a fluorenone structure (see Fig. 5 ). Final structural assignment was accomplished by coinjection of authentic standard in CGC and HPLC and by comparison of EI and UV spectra, and it was concluded that this metabolite was 9H-fluoren-9-one.
As mentioned above, a large amount of culture was required to purify and isolate the most-polar compounds. Enriched metabolite fractions from preparative TLC were obtained as described above. Two of the bands resolved were injected into an HPLC. Separation was achieved with a methanol-water linear gradient of 0 to 100% (vol/vol) methanol in 20 min. The HPLC profile of one of these bands showed a major metabolite peak, designated metabolite III (Fig. 4A) , which was isolated by repeated injections into an HPLC and subsequent collection.
The UV absorption spectrum of metabolite III showed a maximum at 250 nm and a shoulder at 225 nm. The El mass spectrum exhibited a molecular ion at mlz 148, which was the base peak. The other band resolved by TLC showed an HPLC elution profile (Fig. 4B) with several peaks. The main metabolic peak was designated metabolite IV. The UV absorption spectrum showed maxima at 210, 248, and 288 nm (Fig. 4B) . The EI mass spectra (Fig. 5 ) exhibited a molecular ion at mlz 148, which was the base peak. On the basis of HPLC retention and UV and MS spectra, a polar-substituted aromatic structure is suggested.
Furthermore, 'H-nuclear magnetic resonance analysis was performed for structural elucidation of this metabolite. which led to formation and accumulation of 9H-fluoren-9-one via 9-fluorenol.
To verify that the latter pathway is a dead-end route in the biodegradation of fluorene by strain F101 and that this strain is able to oxidize 9-fluorenol to 9H-fluoren-9-one, incubations with these two products, at different concentrations (0.01, 0.001, and 0.005%), were carried out with the corresponding controls. No increase in biomass was observed in any of these incubations, and the HPLC profiles indicated that the strain was able to convert 9-fluorenol to 9H-fluoren-9-one, which accumulates, and that this conversion could be distinguished from a low rate of spontaneous oxidation seen in controls. Likewise, in the incubations of different concentrations of 9H-fluoren-9-one, no noticeable peak was observed.
DISCUSSION
Fluorene and its derivatives have been regularly found in environmental samples and identified in waters, soil, sediments, fish, and smoked foods (15, 20) . This PAH is not genotoxic but has a chemical structure found in several mutagenic and/or carcinogenic PAHs such as 2-aminofluorene, 2-nitrofluorene, and 2-acetylaminofluorene (30) .
In this article, we report the isolation of an Arthrobacter by complete removal of fluorene in MSM-B12, which led to a corresponding increase in bacterial biomass (Fig. 4) . On the basis of morphological (Fig. 1) , growth, and biochemical tests (Table 1) , this organism was classified as a species of the genus Arthrobacter, a subgroup of which has been shown to contain diaminopimelic acid in the cell wall peptidoglycan (36) .
During growth on fluorene in batch cultures, four metabolic products were detected. On the basis of UV, infrared, mass spectrometry, and nuclear magnetic resonance spectroscopy analyses, these compounds were identified as 9-fluorenol, 9H-fluoren-9-one, 3,4-dihydrocoumarin, and another polar metabolite of unknown structure (m/z, 148) which is presumed to have been formed by ring fission of one of the aromatic rings of fluorene.
Identification of these intermediates and the fact that biodegradation experiments in the presence of 9-fluorenol and 9H-fluoren-9-one did not (Fig. 6 ): one supports cell growth and produces 3,4-dihydrocoumarin as an intermediate, and probably the unidentified metabolite, and the other produces 9-fluorenol and 9H-fluoren-9-one and appears to be a dead-end route.
The initial oxidative step of the latter route would be the formation of the alcohol 9-fluorenol by monooxygenation.
The second step would lead to the formation of the corresponding ketone, the 9H-fluoren-9-one, probably by dehydrogenation, which appears to be the end product of this pathway. Schocken and Gibson have described the same kind of reactions in the cooxidation of acenaphthene by a Beijerinckia sp. (34) to give 1-acenaphthenol, which is further dehydrogenated to 1-acenaphthenone by a dehydrogenase which also exhibits activity with 9-fluorenol. However, the presumed end product, 9H-fluoren-9-one, could be subjected to further degradation by other microorganisms in mixed microbial populations. Mormile and Atlas (28) reported that dibenzothiophene sulfone, the end product of a side reaction in the metabolism of dibenzothiophene (29) by Pseudomonasputida, can be degraded by mixed enrichment cultures. Indeed, George and Neufeld (14) have described the biodegradation of 9-H-fluoren-9-one by the fungus Phanerochaete chrysosporium in soils. Nevertheless, 9H-fluoren-9-one is a persistent contaminant, as evidenced by its widespread occurrence in polluted coastal sediments (16) , and it experiences high ecological magnification, as has been demonstrated in model ecosystem studies (33) . The structure of metabolite III, 3,4-dihydrocoumarin, can only be obtained by complete degradation of the terminally exposed aromatic ring of fluorene. Considering the known pathways of degradation of similar PAHs, such as phenanthrene, anthracene, and fluoranthene, the Arthrobacter sp. attacks fluorene presumably via a dioxygenase at the 3,4 position to form the corresponding dihydrodiol, which undergoes enzymatic dehydrogenation to form 3,4-dihydroxyfluorene (Fig. 6, I-1) . Further degradation could follow the general principles of PAH metabolism reviewed by Gibson and Subramanian (15) .
A second dioxygenation would produce meta cleavage of the diol, and a further aldolase reaction on the corresponding ring fission product, similar to that described in the biodegradation of naphthalene (8) , would give pyruvate and 1-indanone-2-carboxaldehyde (Fig. 6, I-2) . The subsequent reaction would require an insertion of one oxygen atom into the carbon ring system by a Baeyer-Villiger reaction (1) after the mechanism of cleavage of alicyclic rings such as cyclohexanol (9) and camphor (5) . Loss These new aspects of the degradative pathway of fluorene byArthrobacter sp. strain F101 introduce a new perspective to the study of biodegradation of naphthenoaromatic compounds, in which alicyclic and aromatic ring cleavage mechanisms are combined. Nevertheless, further research into the identification of other ring oxidation and ring fission products from F101 and other fluorene-degrading strains and the elucidation of the enzymatic activities involved are necessary to provide better knowledge of the bacterial metabolism of fluorene and its derivatives. Work along these lines is now in progress in our laboratory.
